N/ 14 N record appear to be driven by the North Atlantic Oscillation, most likely through changes in the formation rate of Subtropical Mode Water. Given that anthropogenic nitrogen emissions have been decreasing in North America since the 1990s, this study suggests that in the coming decades, the open North Atlantic will remain minimally affected by anthropogenic nitrogen deposition.
North Atlantic | nitrogen cycle | Anthropocene | atmospheric deposition T he global nitrogen (N) cycle has been altered dramatically by human activities since the Industrial Revolution. The dominant natural N input to the biologically available (fixed) N reservoir is by N 2 -fixing organisms that break the triple bond of molecular nitrogen (N 2 ) to produce ammonium (NH 4 + ) for incorporation into their biomass. The invention of the HaberBosch process in the early 20th century enabled humans to produce fixed N on an industrial scale, mostly for fertilizer. The rises in global population and food demand over the last century have greatly increased the rate of industrial N 2 fixation (∼110 Tg N/y at present) (1) . Further, fossil fuel burning and other human activities emit nitrogen oxides (NO x ) and ammonia (NH 3 ) into the atmosphere, through which they are transported before being deposited. In sum, the rate of human generation of fixed N is currently ∼200 Tg N/y, similar to the rate of natural N 2 fixation (200-250 Tg N/y) (2) . The majority of anthropogenically fixed N is eventually transferred into the environment, through emission and volatilization or leaching and runoff. As a result, terrestrial ecosystems and the coastal ocean have experienced nutrient enrichment over the past several decades (3) (4) (5) (6) .
It is less clear whether the open ocean N cycle has also been affected by human activities. Modeling studies suggest that large regions of the open ocean (e.g., the western halves of the North Pacific and North Atlantic) have already been significantly affected by anthropogenic atmospheric nitrogen (AAN) through atmospheric transport and deposition (7) (8) (9) . However, very few atmospheric and oceanographic measurements allow for the assessment of the current effect of human activities on the open ocean N cycle, let alone its history.
The isotopic composition of N is a promising tool for reconstructing AAN inputs to the marine environment. N of close to −5‰ appears to apply to total AAN deposition (11) (12) (13) (14) (15) . On an annual basis, the natural N input to the Sargasso Sea (the subtropical North Atlantic region surrounding Bermuda) is dominated by the upward mixing of nitrate from the shallow subsurface (the thermocline), with a minor contribution by in situ N 2 fixation. Both of these inputs have a higher δ 15 N than that of AAN (2.5‰ and −1‰, compared with −5‰) (16) (17) (18) . Under the nutrientpoor conditions that characterize the Sargasso Sea, phytoplankton completely consume the N supply, transmitting its δ 15 N to the organic matter produced in its surface waters. Thus, an increase in AAN inputs relative to natural N sources should be evidenced by a decrease in the δ 15 N of this organic matter. Scleractinian corals that live in the surface ocean deposit calcium carbonate skeleton annually as they grow. They acquire their N from the environment, with feeding on zooplankton and other components of the particulate organic matter in surface waters likely dominating their N nutrition under the low-nutrient conditions of Bermuda's offshore reefs (19) . A small portion of the coral's organic tissue is used to build the coral skeleton and is subsequently trapped in and protected by its mineral matrix (20) . This protection preserves the organic matter against the diagenetic loss and exogenous N contamination that introduce uncertainty into non-fossil-bound archives of organic matter (21) .
Significance
Human activities have altered the global nitrogen cycle through nitrogen fertilizer usage and fossil fuel burning. It has been suggested that even the remote open ocean is influenced by anthropogenic nitrogen through atmospheric transport and deposition. However, the magnitude and timing of the anthropogenic N effect on the open ocean remain elusive, mainly because of very limited long-term measurements. Here we provide an ∼130-year coral record of N cycle dynamics from the subtropical North Atlantic. This record shows minimal influence of anthropogenic N deposition, in contrast to published model simulations, suggesting that previous estimates of anthropogenic N deposition on the open ocean were too high.
Thus, coral skeletal δ 15 N (CS-δ 15 N) can provide a natural record of the AAN effect on the ocean surrounding Bermuda (10) .
The Bermuda Islands are located 1,000 km downwind of the North American continent, which appears to represent the dominant source of anthropogenic N deposition at Bermuda (12, 22) . AAN deposition has led to a 20th century decline in the sediment δ 15 N of remote watersheds in the United States and Canada (23, 24) as well as in the nitrate δ 15 N of Greenland ice cores (25, 26) . If low-δ 15 N AAN from North America is currently an important source of N supply to the remote North Atlantic surface ocean, the corals from Bermuda should also record a δ 15 N decline over the 20th century.
Here we report a 134-y-long, annually resolved CS-δ 15 N record (AD 1880-2014) from the outer reef of Bermuda (Fig. 1A) , which we use to test the hypothesis that AAN has affected the N supply to the open subtropical North Atlantic surface ocean (7, 27, 28) . In the summer of 2014, a 60-cm-long core was collected from a living brain coral of the species Diploria labyrinthiformis at a depth of 3 m on Hog Reef at the northern end of the Bermuda pedestal ( Fig. 1 and SI Appendix, Fig. S1 ). This site is on the outer rim reef, roughly 10 km north of the islands of Bermuda and thus remote from local island N input. Plankton δ 15 N at this site is similar to that of the open ocean at the Bermuda Atlantic Time Series Study (BATS) (29) (30) (31) , confirming that this site is a good candidate to record the effect of AAN on the open North Atlantic. In addition, to extract information from further back in time, CS-δ 15 N was measured in available intervals from a previously acquired core through a fossil Diploria labyrinthiformis extending back to approximately AD 1780; this coral is from John Smith's Bay (JSB) to the south of the island (Fig. 1A) . (Fig. 4A ). This subsurface nitrate is the dominant annual supply of fixed N to the surface ocean, and thus, its δ 15 N decrease is communicated back to the surface ocean ecosystem. We first address the δ 15 N of subsurface nitrate in the Sargasso Sea and then consider the annual N isotope budget of its euphotic zone (the sunlit surface layer).
Results and Discussion
In the modern Sargasso Sea, the subsurface nitrate δ 15 N at 200 m depth is 2.5‰ ( Fig. 1) (16, 18) , lower than the mean ocean nitrate δ 15 N of 5‰ (32) . It has been suggested that N 2 fixation in the euphotic zone and subsequent sinking and remineralization of the resulting organic N is dominantly responsible for the deviation of thermocline nitrate δ 15 N from the mean ocean value (33, 34) . However, because AAN at Bermuda has an even lower δ 15 N than newly fixed N, it could not be ruled out that AAN is an important contributor to the low δ 15 N of the nitrate in the Sargasso Sea thermocline (11) . Similarly, it has been suggested that the low nitrate δ 15 N (of ∼3‰) in the Mediterranean Sea (35) is dominantly due to anthropogenic inputs (36) .
However, the modern CS-δ Fig. 2A) , suggesting that the low nitrate δ 15 N in the thermocline water has been a persistent feature of the Sargasso Sea since before the Industrial Revolution. Because anthropogenic perturbation of the atmospheric reactive N cycle was very limited before the Industrial Revolution (7, 25) , the stability of Bermuda CS-δ 15 N argues that natural processes such as N 2 fixation in the surface ocean, not AAN deposition, are the dominant drivers of the low δ 15 N in the nitrate of the modern Sargasso Sea thermocline. Qualitative expectations are that relatively rapid AAN deposition would be needed over many years to significantly change the δ 15 N of thermocline nitrate, due to the substantial burden of fixed N in the thermocline and its continuous exchange with the rest of the ocean's vast nitrate reservoir ("mixing" in Fig. 4A ). Thus, this finding is not particularly surprising.
In comparison with the δ 15 N of thermocline nitrate, the annual N isotope budget of the euphotic zone is more directly affected by a given rate of AAN deposition, and yet the stability of CS-δ 15 N argues that it also changed little over the 20th century. A simple isotope mixing calculation of this budget indicates that the 0.2‰ decrease in Bermuda CS-δ 15 N from the early 20th century to the year 2000 translates to only a 2% increase in the annual fixed N supply to the Sargasso Sea euphotic zone due to rising AAN deposition (SI Appendix, Fig. S2 ). One potential caveat in this calculation is that the rate of N 2 fixation in the North Atlantic might have decreased over the 20th century in response to increasing AAN input. In our isotope mixing model, when including suppression of N 2 fixation that perfectly compensates for AAN deposition, AAN deposition represents a maximum of 5% of total fixed N supply to the euphotic zone for the year 2000 (SI Appendix, Fig. S2 ). Thus, it appears that compensation by N 2 fixation is not dominantly responsible for the stability of the Bermuda CS-δ 15 N record; rather, AAN deposition increases must have been small relative to the nitrate supply from below (Fig. 4A) .
The lack of a clear decline in CS-δ Fig. S3 ).
for that region (Fig. 2B) . In the South China Sea, the same isotope mixing model as applied to Bermuda suggests that by the year 2000, AAN deposition had increased the total N supply to the surface ocean by 17-23% (10) (SI Appendix, Fig. S2 ).
The difference of the Bermuda CS-δ 15 N record from ocean model predictions raises the possibility that ocean models have overestimated open-ocean AAN deposition. In general, the variation in atmospheric N deposition across models, and thus the reliance of the community on model ensembles (37) , points to the substantial uncertainties in the model estimates. In terms of systematic bias, overestimation of AAN deposition has been suggested and related to ocean/atmosphere cycling of both ammonium/ammonia and dissolved organic N (27) , for which there is isotopic and chemical evidence at Bermuda (13, 14) . The Bermuda CS-δ 15 N record thus provides impetus for further investigation of the processes responsible for AAN delivery to the open ocean (27) .
An alternative set of explanations for the discrepancy relates to oceanic transports of fixed N. Specifically, the global ocean models used for the simulations may underestimate the rate of nitrate supply to the euphotic zone from below, thus artificially raising the proportional importance of AAN deposition in the N budget of the euphotic zone. The existence of such a bias toward underestimating the subsurface nitrate supply is supported by a documented discrepancy between ocean models and observations for net primary productivity in the subtropical gyres of both the North Atlantic (at BATS) and the North Pacific (38) . Such a bias might apply in the subtropical gyres but not in the South China Sea because the gyres do not experience the wind-driven upwelling that occurs in the South China Sea, so that more complex mechanisms of nutrient supply are proportionally more important in the gyres. Global ocean models are unlikely to adequately simulate these more complex mechanisms (17, 39) .
The lack of clear CS-δ 15 N decline in the Bermuda coral core also contrasts with the strong δ 15 N declines observed in remote North American terrestrial records (>3‰ on average) and Greenland ice cores (>10‰) (23, 25, 26) (Fig. 2C) . On an annual basis, both terrestrial and marine ecosystems receive most of their fixed N from internal recycling (40, 41) . In the ocean, circulation and mixing supply subsurface nitrate that itself is the product of remineralization of sinking organic N. On land, soil organic N is decomposed and remineralized, making the N available to plants (40, 42) ; the freshwater bodies from which the terrestrial δ 15 N records were generated also receive N from soil organic matter remineralization (23) . The rate of this recycled N supply appears to be comparable between land and ocean (40, 43) , so a land-toocean difference in this term is probably not the primary driver of the distinction in the AAN δ 15 N signal between the terrestrial δ 15 N records and the coral CS-δ 15 N record (Fig. 2) . One cause for the greater response of the terrestrial (lake) δ 15 N records is probably simply their greater proximity to the anthropogenic N sources and thus their receipt of more AAN deposition (44) . However, given the starkness of the distinction, it may have additional causes. For example, as discussed above, the δ 15 N of thermocline nitrate is buffered by continuous exchange with the global ocean nitrate reservoir and thus is expected to change only very gradually due to anthropogenic N accumulation in the subsurface (28) . In soils, however, the source of the remineralized N flux from soil organic matter may be restricted to a small fraction of the total soil N, with the rest cycling so slowly as to be considered virtually unavailable (45) . If so, the remineralized N flux to plants and runoff may decline in δ 15 N relatively rapidly as AAN accumulates in this small, actively cycled fraction of soil N. Putting aside this specific proposal, the contrast between the land and coral δ 15 N records promises to advance our understanding of the differences in N dynamics between land and ocean. appears to be related to the North Atlantic Oscillation (NAO) (Fig. 3) , as supported by the magnitude-squared coherence between the two records (SI Appendix, Fig. S3 ). The biogeochemistry of the North Atlantic has been shown to be strongly affected by the NAO (46) (47) (48) (49) . There is evidence that Bermuda reef metabolism is sensitive to the NAO through open ocean productivity and organic matter transport to the reef (50) . However, the proposed mechanism for this connection involves changes in mixing-driven nitrate supply to the sunlit surface waters around Bermuda, which would involve an immediate response to the NAO driver (50) . In contrast, the strongest correlation of the CS-δ (51) (Fig. 4 B and C) . In a negative NAO state, a thick layer of STMW forms north of Bermuda and is transported southward. This relatively thick STMW layer is characterized by a temperature of 18°C and a low nitrate concentration of 2-3 μM from 100 m down to 600 m (Fig. 4C) . Its low nitrate concentration allows the remineralization of a given amount of low-δ 15 N, recently fixed N from the euphotic zone to cause a greater decrease in the δ 15 N of the thermocline nitrate. As a result, the negative NAO state should encourage a decline in the δ 15 N of the thermocline nitrate supply to the euphotic zone. In contrast, in a positive NAO state, with less STMW formed, the thermocline should occupy a narrower depth range (Fig. 4B) . As a result, deeper, denser water with high nitrate δ N is observed spatially in the modern North Atlantic thermocline (34) , supporting the plausibility of the proposed mechanism. Regardless of whether this specific explanation is incorrect, the correlation of the decadal variation in the Bermuda CS-δ 15 N with NAO argues that the former is driven by natural processes, rather than by AAN changes.
Implications for the Future North Atlantic. Our findings have implications for the future of the effect of AAN on the North Atlantic. The primary anthropogenic atmospheric N source to the North Atlantic is the United States, in which anthropogenic N emission rates have leveled off (Fig. 2D) , starting in the 1980s with the Clean Air Act. If N emissions from the United States have indeed plateaued or peaked, given their undetectable role over the 130-y period of the Bermuda CS-δ 15 N record, the open North Atlantic N cycle will remain minimally affected by AAN deposition for the foreseeable future.
Materials and Methods
Coral Samples and Age Model. The coral samples used in this study are from the pedestal of the Bermuda islands in the North Atlantic subtropical gyre. A core was collected from a living brain coral (Diploria labyrinthiformis) in July 2014 at a site (Hog Reef) 10 km offshore to the north of the islands at a water depth of 3 m (Fig. 1A and SI Appendix, Fig. S1 ). In the laboratory, a 1-cm-thick slab was cut from the coral core and rinsed three times with deionized water and dried. The slab was scanned by X-ray computed tomography to determine the maximum growth axis, and an age model was developed by counting annual growth bands on the images. Along the growth direction, powder samples were collected from the slab at 2-mm increments (representing ∼8 mo of growth). The Hog Reef coral core extends back to approximately AD 1880.
To extract information from further back in time, a 230-y-old coral (Diploria labyrinthiformis) from JSB to the south of the island was used (Fig.  1) . Although this core has previously been used to generate continuous records of climate parameters (52), due to a problem in sample archiving, only two bottom segments of the coral were available for our work. Unlike the Hog Reef site, the JSB site is close to shore (∼400 m). Thus, current effects from human activities on the island are possible. However, this would not have applied before the Industrial Revolution, when the population in this part of the island was much smaller than today.
Nitrogen Isotope Analysis. The δ 15 N analysis on the coral powder samples followed the protocol described in ref. 29 . Briefly, 10-15 mg of coral powder is soaked in 10 mL of sodium hypochlorite (10-15% available chlorine) in 15-mL centrifuge tubes on an orbital shaker for 24 h. The sample is rinsed three times with deionized water and dried at 60°C. The sample is weighed into a precombusted 4-mL borosilicate glass vial and dissolved by reaction with 4M HCl. After dissolution, an aliquot of 1 mL freshly combined persulfate oxidizing reagent is added, and the sample is autoclaved for 1.5 h. After autoclaving, the sample is centrifuged, and the clear supernatant is transferred to another precombusted 4-mL borosilicate glass vial, in which the pH of the supernatant is adjusted to near 7 with HCl and NaOH solutions. The resulting nitrate concentration of the sample solution is analyzed by chemiluminescence (53) , and the δ 15 N of the nitrate is measured by conversion to N 2 O with the denitrifier method (54) followed by extraction, purification, and isotopic analysis of the N 2 O product (55, 56) . Glutamic acid reference materials USGS40 (US Geological Survey 40) and 41 are used in each batch of analyses to correct for the combined reagent and operational blanks, which is typically less than 2% of the total N content in an oxidized sample. An in-house coral standard (CBS-1) provides a metric for reproducibility both within an analysis batch and across batches; based on CBS-1, the analytical precision (1SD) of the protocol is 0.2‰ (29) .
